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u(x, y, t) = u˜(y,X)ei(
Θ(X)
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k1 − k2 = 0
m1 −m2 = 2
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m1 −m2 = 2





















ÛlZZÀ!îﬁh!lhºﬀ h!ﬃmff º!ZlU	; EfmhZfng o=lgulnpqrsShZlh
















































































































































	| h!À h	glgq olÛÉfqhﬀeh
(m1 = 1;m2 =
−1) 	| h!åhZ	f!lﬀ h!ﬃmff Z
























































































































































l Sﬀiiq pli h	
d
ge Sﬀ
(m1 = 1;m2 = −1) ﬀ ¨!7þulZZ




















































eSﬀeSﬀ~hZ	f!ulﬁﬀ h!ﬃmff Z~ Sﬀﬃ!e! ﬀeﬀﬃ ="
Ï




























lAj hZu	f!ulﬀ h!ﬃmff Z
lÃﬀàno	|ÃËXqmÁ
§































































































































































EfhZ!gﬁ!e=n ZqSﬀu hZﬃﬀﬃsohZ p
d
Ò]hZfoﬀ!eﬀﬃ 	 ?ﬀ h!ﬃmff fZﬃﬀemE"
	 
 ³

































































































	!kj foﬀ!eﬀﬃ ßlAj hZU	f!ålﬀ h!ﬃmff Z
























!ﬃZ!en ZqSﬀ hZﬀﬃsShZlAj hZufSﬀ!eﬀﬃ 







j£ﬃﬀtØsohZZ hZ*Z hZ*	! 	| E Ztlkf!ÛlZZtØeﬂ	fﬀﬃ!E"
 
 hZt= Z¿ﬂZ ﬃkû	| h!
kj
d









































































































































































































ﬀﬃﬀP i ©ZEh!eﬀﬃ l
 Aﬃfqh
d








!~ﬀﬃﬀuf!hﬀﬃ 	|hﬀE!ﬃ!glqU!fqr	; !ﬃﬀeoﬀ 



































;uEh!Ûluf!hﬀﬃ ÃﬀÛlhº!e=n ¨osohZhUlhåﬀ h!ﬃmff W"
 




ﬃhfﬀeﬀ mﬀShZ	; h!¿É= ZgÉfqhﬀe
ψ = [90−120] "¡D h!
ºf!hﬀﬃ WûA  mﬀﬃoﬀ
Γ = 4.7 m2s−1





















































































































































































hÅ!îﬁh!lh¢ﬀ h!ﬃmff WûAﬁ	;!ﬃﬀﬃh!ﬃmﬀﬃ Zu	;hoﬀul
d























	;Zl¬lÃlﬃﬀeZrSﬀﬃ!Uulhﬀ h!ﬃmff ZG"W¡tfhZuﬁﬀ h!ﬃmff Z




!ﬃsohZ=ûtZ ﬀeqrqSﬀ¨ﬃh!r Zlfﬀﬃ Zåh ffqrfﬀ=û*






























































 qrqrkj foﬀ!eﬀﬃ  lå	UUﬀ h!ﬃmff 

















lﬃﬀeZSﬀﬃ!~¿ﬀ h!ﬃmff ZØﬀ¿	 SﬀÛlhqÖqg !l!Eûp 	|hﬀU Zfh!~sohWj{ÒﬀÛÉfqhﬀ






























































































































































lZZ¿i	å !ﬃﬀﬃﬂZ  
Ò]kj{?uliﬀ h!ﬃmff Z~ﬀl Zlfﬀﬃ Zleﬂqr	 foﬀeflZZighﬀﬃ!lf!ﬀﬃ Z="




E   ﬃ ºﬀﬃ! hº	f!¨l
ﬀ h!ﬃmff e fﬀiml
d
©ZE"ZÚ~ !lﬀﬃﬀÉ= ZEû]ﬀeffulqUffhEqSﬀÃﬁ!e		! pﬂSﬀ
lh m; !lA"NZº	
(O,~ex, ~ey)

























lZZÀhº	!qr!Ûﬀàno	|gl~=hkûpsShZgZ hZZ qrq! Z
Cal1
ûo












































































 hqoﬀffﬀﬃÀﬃﬀu qr	| E
d
lAj hZr	f!lﬀ h!ﬃmff Z]lrËXqmÁ
§
3	!efGûAhÁ






















sohﬀﬃ Z="Ë¿j£ mﬀoﬀﬃ ¬lAj hZ Zlfﬀﬃ ¢ffﬀﬃ
eﬀﬃÂkeoﬀ	; h!i=hD
ﬀﬃ! glfqZﬃ Zﬀ mﬀShZ¨keoﬀh
	!qr!g=hXÃlh
zŁ &('






































ﬀemfkû  mﬀﬃSﬀg qr	; EúSﬀ

















ﬀ f!!iﬀWsShZ ‖r‖ < 0.5 10−3 ûﬀ












u0(x, y, z) = uT (x, y)(1 + r)
u0(x, y, z) = uT (x, y)(1 + r)
































































































Òeﬂhliﬀ h!ﬃmff Z~ qrquﬃhfﬀý
Di = {(x, y, z) ∈ D tel que |x− xci | < 3a, |y − yci| < (3a)}
§

D ∈ R3 l d ﬃfEZl qUfZÛl=hﬀ (xci , yci)
D p !l 
d
tlhoﬀﬃ!ØlXﬀ h!ﬃmff Z="ËW



























p ∈ {1, .., nx} û q ∈ {1, .., ny} û
r ∈ {1, .., nz} "Z®DﬀﬃﬀZ ﬀeﬀﬃ kj d Z!ﬃEf d ﬀﬃsShZÃﬂsohZu	| fSﬀglh
qUff=j d !ﬃfﬀý
Ec(xp, yq, zr, t) =
1
2





























∆x,p = xp+1 − xp ﬀ ∆y,q = yq+1 − yq " Ç fqoﬀr	;ﬀﬃ!lkj d Z!ﬃEºf d ﬀﬃsShZUlZZ
lf!ﬀﬃ ?EûÒeﬂsShZfZﬀeSﬀ
t































































































































































































Òh lﬀ h!ﬃmff Zr	; h!reﬂsShZåZ qm!lAj£ Zl
ﬃfqh
d















	!ﬃﬀﬃ ¢hZﬂZfr	; ZoﬀﬃfE"AËWﬁffEZﬁ!ﬃﬀﬃ= !ﬃ!ﬃ	| ZlSﬀh















f!EûW ﬃÅhZrehr EhZh!lAj£ Zlﬃﬀqr	f©
d
º
ﬃfﬀﬃhZ		! =pfqUﬀﬃfqoﬀlZZål qUfZﬀqr	| !









































































































Z qZ¢leﬀﬃh!eﬀﬃ âfSﬀ!ﬃpSﬀÃoof! hﬀqr	Z



















gfff	ﬀﬃsohZglZZgu=lAj hZ	f!lﬀ h!ﬃmff Z ! ﬀeﬀﬃ 	| h!iZ qm!
k∗ = 2.26











ﬃﬀgE!eZlAû;rpfﬀ]lu! ﬀeﬀﬃ ¬lh¢ﬃnﬃﬀquﬀ h!ﬃmff f!ﬀkfmlESﬀﬁrpfﬀl
! ﬀeﬀﬃ lhÃﬀ h!ﬃmff W"ËDlnoqrsohZulkj fZﬃﬀemffﬀ
d
ﬃﬀl Z	! pﬂZulh= Sﬀﬃ!e! ﬀeﬀﬃﬃ"



































































 		|Sﬀﬁlkﬃ ﬃfqrff!lZZglh¨ﬀ h!ﬃmff ZGûIEj£ﬃﬀÂÁàÒ?Álf!sShWj{hqÖq
fZﬃﬀeoﬀfZﬃﬀemfffﬀ
d








P !ﬃqUﬀﬃ Z?rﬃh!ﬂhßlﬀ h!ﬃmff Ze SﬀSﬀﬃﬃnpq
d
ﬀﬃ!ﬃsohZ	!]!e		| !ﬃﬀh










































































































































 ﬀ Ziﬀ hﬀlﬁqÖqusohZﬁlZZ













































	| h!ÛﬀﬃﬀfZl!eﬀﬃh!eﬀﬃ ¨ﬃﬀÛlAj£Spf! 

ﬀ h!Ûl! ﬀ !G"Sﬁ
























































































qSﬀ]hﬀ h!lAj h¬! ﬀ !ulAj ﬂ
d
f 	ﬀ!EûA¨lﬃﬀeZroﬀﬃ!rﬁﬀ h!ﬃmff ZE!ﬃE"

tkj£ Å Zﬃl!








ﬀqr	Zfqr	!ﬃﬀﬃ	| h!À mﬀf!lÛqr	ffﬀﬃhZl qr	!emihUqr	ffﬀﬃhZlleﬀﬃh!eﬀﬃ ºlkj fZﬃﬀe?Á
mfffﬀ
d















































































































































































































	! 	!ﬁÒﬂhÃlÛﬀ h!ﬃmff Wû å	;hﬀØl Z~m
l p!i	|!ﬃﬀﬃh!ﬃmﬀﬃ ZeﬃhZlﬀ h!ﬃmff lfglﬁkj{hﬀﬃ!E"
Ë¿j
d







ËX qr	; EúSﬀ¨lUpfﬀUZ !ﬃqU























Òål! fﬀE"|¡D h!	| h f!
 Zﬃl
d

























































































































ﬀﬃhZlilhm!ﬃhfﬀtl! ﬀ !¿lºfÒkj fﬃﬀﬃ rlÛﬀﬃh!ﬃmhZgﬀﬃq Eﬃ	ﬂ
d
!ﬃsohZ{¤["























Ωr = 114 rad s
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æ Ý ¦ æ LZOHCSBNO
γ β md Ce γ β md Ce
Ý
Cal1 10◦ 7◦ 0.16C 91.5 15◦ 7◦ 0.16C 89.5
^
Cal1 15◦ 7◦ 0.16C 93.5 20◦ 7◦ 0.16C 91.5
æ
Cal1 15◦ 7◦ 0.24C 93.5 20◦ 7◦ 0.24C 91.5
ê
Cal1 15◦ 7◦ 0.32C 93.5 20◦ 7◦ 0.32C 91.5

Cal1 15◦ 7◦ 0.48C 93.5 20◦ 7◦ 0.48C 91.5

Cal1 15◦ 7◦ 0.0C 93.5 20◦ 7◦ 0.0C 91.5
é
Cal1 15◦ 7◦ 0.08C 93.5 20◦ 7◦ 0.08C 91.5
ê
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~U = ~U0 + ~U
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ρ = ρ0 + ρ
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′.▽ ~U0 + ρ0~U0.▽ ~U ′ + ρ′~U0.▽ ~U0 +▽(a20ρ′)
























~U0.▽ ~U0 = −▽p0
ρ0















′.▽ U0 + ρ0~U0.▽ U ′ − ρ
′
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u0 0 0 a0
0 u0 0
0 0 u0 0





v0 0 0 0
0 v0 0 a0
0 0 v0 0





w0 0 0 0
0 w0 0 0
0 0 w0 a0
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(iω +A1∂x +A2∂y +A3∂z +B)ψ = g dansΩ
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~φ] = 0 sur S





























































































ψ− = lim ǫ→ 0ψ(x− ǫn)
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λ = (λ(1), λ(2))
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λ(1) + λ(2) − (R(1) +R(2))u(2)p = 0







































































Id Id− (R(1) +R(2)) [S(2) +R(2)]−1
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M = (x, yci)
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(x0, y0) = (1.5, 1.)
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u′(x, y) = − (y − y0)
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~u = (0, 0, 0)
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(y − yCi)2 + (z − zCi)2 < D
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iωϕ+ [Ax ∂x] ϕ+ [Ar ∂r]ϕ+ 1
r
[Aθ ∂θ]ϕ+ [B]ϕ = 0 ,
⇐⇒ iωϕ+ [Ax ∂x] ϕ+ [Ar ∂r]ϕ− jm
r
[Aθ] ϕ+ [B]ϕ = 0 ,
O








u0 0 0 a0
0 u0 0 0
0 0 u0 0
a0 0 0 u0

 , Ar =


v0 0 0 0
0 v0 0 a0
0 0 v0 0
0 a0 0 v0

 , Aθ =


w0 0 0 0
0 w0 0 0
0 0 w0 a0







∂x u0 ∂r u0
1
r ∂θ u0 − ∂x a0
∂x v0 ∂r v0
1
r ∂θ v0 − ∂r a0
∂x w0 ∂rw0
1
















0 0 0 0
0 0 0 0
0 0 0 0




































































∀h, ∀ψh ∈ wk(ωh),
∫
ωh
(iωϕh+Ai ∂ W ϕh+Bϕh).ψhdΩ+
∮
∂ωh
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ψh . iωϕh +
∫
Ω







ψh . [Aini]−(ϕ+h −ϕ−h ) +
∮
∂ωh∩∂Ω
ψh . (Mϕh − gs) −
∫
Ω

































































































1− n2x −nxnr 0 0
−nxnr 1− n2r 0 0
0 0 0 0









0 0 0 0
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Fc [W , s] +
=


























































































F (WΩ,W Ωl) ·NΣl =
1
2



































































































































































































































































































































|pi+1jk − 2pijk + pi−1jk|
|pi+1jk + 2pijk + pi−1jk|+ ǫ + (1− σ)
|||V ||i+1jk − 2||V ||ijk + ||V ||i−1jk|


















































































































































































































































V ⊗n dΣ = 1
2























Fd · n dΣ = 1
2













































































W (0) = W n





























































































F (q−1) ·NΣi − ν (Ω)T (0)Ω














































































F (n) ·NΣi − ν (Ω)T (n)Ω
















































































































































































































(L+D)∆W p+ 12 = −R− U∆W (p)









































∆W (p=0) = 0
(L+D)∆W (p= 12 ) = −R




(D + U)∆W (p=1) = D∆W (p= 12 )
(L+D)D−1 (D + U)∆W (p=1) = −R
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